With recent poaching of southern white rhinoceros (Ceratotherium simum simum; SWR) 30 reaching record levels, the need for a robust assurance population is urgent. However, the global 31 captive SWR population is not currently self-sustaining due to the reproductive failure of 32 captive-born females. Dietary phytoestrogens have been proposed to play a role in this 33 phenomenon, and recent work has demonstrated a negative relationship between diet 34 estrogenicity and fertility of captive-born female SWR. To further examine this relationship, we 35 compared gut microbial communities, fecal phytoestrogens, and fertility of SWR to another 36 rhinoceros species-the greater one-horned rhinoceros (Rhinoceros unicornis; GOHR), which 37 consumes a similar diet but exhibits high levels of fertility in captivity. Using 16S rRNA 38 amplicon sequencing and mass spectrometry, we identified a species-specific fecal microbiota 39 and three dominant fecal phytoestrogen profiles. These profiles exhibited varying levels of 40 estrogenicity when tested in an in vitro estrogen receptor activation assay for both rhinoceros 41 species, with profiles dominated by the microbial metabolite, equol, stimulating the highest 42 levels of receptor activation. Finally, we found that SWR fertility varies significantly with 43 respect to phytoestrogen profile, but also with the abundance of several bacterial taxa and 44 microbially-derived phytoestrogen metabolites. Taken together, these data suggest that in 45 addition to species differences in estrogen receptor sensitivity to phytoestrogens, reproductive 46 outcomes may be driven by gut microbiota's transformation of dietary phytoestrogens in captive 47 SWR females. 48 49 Background 50
exhibit the decrease in fertility observed in SWRs. These data suggest that at the receptor level, 73 SWR are particularly vulnerable to the deleterious effects of phytoestrogen exposure. Whether 74 SWR possess additional species-specific characteristics that predispose them to phytoestrogen 75 sensitivity remains unclear. 76
Due to the limitations of collecting biological samples from a threatened megafaunal 77 species, little is understood about the specific physiological consequences of SWR consuming 78 estrogenic diets. Altered endocrine and reproductive function by phytoestrogen exposure has 79 been described in humans, rodents, and livestock species (11, 13, 14) . Many of these effects, 80
including reproductive tract pathologies, erratic or absent luteal activity, and reduced fertility, 81 parallel findings in captive female SWR (15-17). However, the potential role of phytoestrogens 82 in the onset of these pathologies has not been investigated. In other species, the physiological 83 outcomes of phytoestrogen exposure are profoundly affected by transformation of parent 84 compounds following consumption. For example, in ewes, reproductive pathologies and 85 infertility develop following consumption of diets high in the isoflavone daidzein, but it is equol, 86 a daidzein metabolite, that is thought to be the driver of this effect (10). Equol production relies 87 exclusively on microbial transformation, and several other phytoestrogens are metabolized by 88 members of the gastrointestinal tract microbiota to produce metabolites that vary in estrogenicity 89 (18-21). Coumestrol, a compound from another class of phytoestrogens, the coumestans, also has 90 been associated with sheep infertility (9), but to date, the microbial metabolism of coumestans 91 has not been explored. Whether gut microbiota may play a similar role in SWR responses to 92 dietary phytoestrogens is unclear. 93
The relationship between animals and their associated microbes is important, as 94 microbiota are essential for many biological processes within their hosts (22). However, an 95 understanding of how interactions between phytoestrogens and resident gut microbiota may 96 affect fertility is lacking for any vertebrate species. Given what is known about bioactivation of 97 phytoestrogens by gut microbiota in other mammalian species (23) and the strong link between 98 dietary phytoestrogens and reproductive failures in rhinoceros (4), an investigation into 99 phytoestrogen metabolism by rhinoceros gut microbiota is warranted. To examine these 100 interactions, we characterized SWR and GOHR fecal microbiota as a proxy for gut microbiota. 101
In addition, we compared fecal phytoestrogen composition and metabolite profile estrogenicity, 102 using mass spectrometry and ER activation assays, respectively, between the two species. By 103 sampling separately housed, but similarly managed SWR and GOHR females from the same 104 institution, we sought to reduce variation by eliminating known drivers of gut microbiota 105 composition, such as diet and geographic location (24-26), to better identify species differences. 106
Finally, we used historical breeding records to examine the relationships between specific 107 microbial taxa, phytoestrogen metabolites, and SWR reproductive success. With these data, we 108 shed light on the role microbiota may play in captive SWR infertility with the aim to develop 109 techniques to support and increase this species' assurance population. 110
111

Results
113
Composition of fecal microbiota, but not phytoestrogens, differ by species 114 115
Sequencing of 16S rRNA fecal samples (SWR: n = 42; GOHR: n = 16; Table S1 ) from 116 eight individual rhinoceros (SWR: n = 6; GOHR: n = 2; Table S1) revealed that GOHR samples 117 had significantly higher inter-sample diversity compared to SWR despite SWRs having a higher 118 number of unique, low (>1 %) relative abundance operational taxonomic units (OTUs) overall 119 (Table S2 ). Significant differences in fecal community structure and composition between rhino 120 species were also observed at the phylum, family, and OTU level using permutational analysis of 121 variance (PERMANOVA) and accounting for relative abundances using weighted UniFrac (all P 122 < 0.001). A difference in microbial communities was also observed by nonmetric 123 multidimensional scaling (nMDS; Fig. 1, inset) . Members of four phyla were found to 124 significantly contribute to variation (Fig. 1) , with the relative abundance of the Bacteroidetes 125 (SWR: 55 ± 1.1 %; GOHR: 30 ± 1.8 %) and the Firmicutes (SWR: 33 ± 1.2 %; GOHR: 55 ± 2.2 126 %) found to significantly differ with respect to rhino species (Welch's t-test, both P < 0.001; Fig.  127 1). Several members of these phyla were also found to be significantly different at both the 128 family and OTU level, with six families and eleven OTUs contributing to these significant 129 differences ( Fig. 1) . 130
The observed differences in microbial community are likely related to the different 131 foraging strategies exhibited by the two species. All individuals in this study live in large 132 exhibits where they are provided diet of soy and alfalfa based pellets supplemented with either 133 grasses and browse. SWR, which in the wild are grazers, consume additional hay and fresh 134 grasses (8,9). In contrast, GOHR, a predominantly browsing species, consume a more varied diet 135 that includes fruits and leaves (27) . This difference in foraging may be driving species 136 differences in gut microbiota, as observed in other closely related species (28). Nevertheless, 137 both species are herbivorous and their gut microbiota are similar in that the dominant 138 microorganisms present in both species are those capable of fiber degradation and therefore 139 fulfill similar functional niches (29). 140 Despite species differences in microbial communities, neither overall structure nor 141 composition of detected phytoestrogen analytes varied significantly between SWR and GOHR 142 ( Fig. 2A , PERMANOVA, P > 0.05). However, species differences were observed at the 143 individual analyte level. Concentrations of equol (EQ), enterolactone (EL), methoxycoumestrol 144 (MOC), and coumestrol (CO) were significantly higher in the GOHR (Fig. 2B-D , Table S3 ). 145
Several phytoestrogens were detected exclusively in the diet, the isoflavones, formononetin (FM) 146 and genistein (GN) (Fig. 2B) , whereas microbially-derived metabolites EQ, 4'-ethylphenol 147 (PEP), EL, and enterodiol (ED) were detected only in feces (Fig. 2BC) . Two other 148 phytoestrogens, biochanin-A and o-demethylangolesin, were not detected in any sample type 149 (both, < 65 ppb). In general, there was an overall trend for excreted quantities of phytoestrogens 150 and metabolites to be higher in GOHR compared to SWR (Fig. 2B-D) . 151
The relative abundances of specific OTUs provide some insight into the observed 152 phytoestrogen and metabolite concentrations described above. Overall, 77 OTUs were found to 153 significantly correlate with phytoestrogen concentration (Fig. 3A) , which were overall 154 significantly more abundant in SWR compared to GOHR (Welch's t-test, P < 0.0001; Fig. 3B ). Table S3 ). The total concentration of phytoestrogens in this profile was significantly 180 lower (1,510 ± 229 ppb) (Fig. 4A, Fig. S1 ). Despite no visual difference in the overall 181 communities using nMDS (Fig. S1E ), several bacterial taxa were found to differ significantly 182 with respect to phytoestrogen profiles (OTU 03, YRC22; OTU 07, OTU 27 Ruminococcaceae). 183
However, no individual OTU contributed to variation > 8.5 %, indicating that a group of 184 microbiota, not individual OTUs, may be important in driving differences between 185 phytoestrogen profiles. 186
To quantify the relative estrogenicity of phytoestrogen profiles (Profiles A, B, C), each 187 observed mixture was formulated in vitro and tested in estrogen receptor (ER) activation assaysusing ERα or ERβ from SWR and GOHR (Fig. 4D-F, Fig. S1F -G), as described previously (5). 189
All three phytoestrogen profiles activated SWR and GOHR ERs (Fig. 4D-F, Fig. S1F-G 
), with 190
Profile C, the most potent agonist for both SWR ERs reaching maximal activation relative to 191 17β-estradiol (E2) (Fig. 4F, Fig. Fig. S1F -G, Table S4 ). Similarly, Profile B stimulated maximal 192 activation of SWR ERα, and near maximal activation of SWR ERβ relative to E2, despite having 193 less than half the total concentration of analytes of Profile C (Fig. 4E, Fig. Fig. S1F -G, Table  194 S4). We attribute this high activation primarily to EQ, which is a dominant metabolite in both 195 profiles and a known potent agonist to rhino ERs (5). However, it is interesting that activation of 196 SWR ERα by Profiles B & C was significantly greater than that of GOHR ERα (Table S4) , as 197 previous work has shown GOHR ERα to be more sensitive to EQ than its SWR homologue (5). 198
In contrast, the least potent Profile A stimulated significantly greater activation of GOHR ERβ 199 relative to SWR ERβ (Fig. 4D, Fig. Fig. S1F -G, Table S4 ). This is also noteworthy, as no 200 phytoestrogen tested in previous studies has ever been shown to be a more potent agonist of 201 GOHR ERβ than SWRβ. What is driving these differences is unclear, as the dominant 202 To assess fertility of our SWR population, the number of pregnancies achieved and/or 210 calves born were determined for both the period of sample collection as well as for the lifetime 211 of each of the SWR included in this study (Table S1 ). Pregnancies achieved (Pregnancystudy, PS; 212 Pregnancylife, PL) were confirmed via elevations in fecal progestagen levels and were included in 213 the analysis since rhino gestation length (~16 months) exceeded the duration of sample 214 collection (4 months). Fertility (Calfstudy, CS; Calflife, CL) represents calves born per reproductive 215 year using calculations described previously (4). When comparing phytoestrogen profiles using 216 CS, we did not find any significant difference in mean fertility ( Fig. 4G-I ; Table S5 ). Using the 217 PS calculation, however, we showed that individuals exhibiting Profile A had the lowest mean 218 pregnancy rate, and those producing Profile C had the highest (Fig. 4G & I) . For lifetime 219 measures, we found a similar relationship, with PL and CL for Profile C producers being 220 significantly greater than Profile A producers ( Fig. 4G & I) . Although not significantly different, 221 SWR producing Profile B profiles tended to have higher mean fertility than individuals 222 belonging to Profile A across all measures (Fig. 4GH) . 223
Mean reproductive success, in terms of pregnancies achieved and calves born, was 224 highest in individuals with the greatest concentrations of fecal metabolites ( Fig. 4I; Profile C) . 225
For some of the metabolites produced, these findings parallel observations by others. For 226 example, all measures of SWR fertility were positively correlated with production of EL (Table  227   S5 ). This finding is consistent with studies in humans that have demonstrated a link between 228 high levels of EL and increased reproductive success (31). Our previous work shows EL does not 229 appreciably bind or activate SWR ERs and therefore possesses little endocrine disrupting 230 potential as a xenoestrogen (7). However, the positive relationship between EQ and calf-based 231 fertility measures is unexpected (Table S5 ). In vitro, EQ is a relatively potent agonist of both 232 SWR ERα and ERβ (7), and in other vertebrate species EQ is cleared from the circulation less 233 quickly than other isoflavones, increasing its bioavailability (32). This suggests that high levelsof EQ production should negatively affect SWR fertility, as is well documented in other grazing 235 species (11,12). 236
Also unexpected was the finding that individual SWR producing the most estrogenic 237 profiles (Profile B & C) exhibited the highest fertility (Fig. 4HI) , while SWR fertility was lowest 238 in individuals producing profiles with the lowest overall estrogenicity (Profile A). These 239 observations lead to several new questions. Do SWR belonging to Profile A produce novel 240 phytoestrogen metabolites that are more estrogenic? We observe high levels of certain 241 compounds, such as MOC and CO in feeds, but low levels are detected in feces. CO is a potent 242 SWR ER agonist (7) and has been associated with infertility in sheep (9), but little is known 243 about possible microbial metabolites and their relative estrogenicity. It is possible that these 244 coumestans are converted into a novel metabolite that could be highly estrogenic to SWR. 245
Another possible explanation for the positive association between profile estrogenicity and 246 fertility is that the varying degrees of fecal profile estrogenicity result from differences in 247 phytoestrogen absorption or excretion between individuals. Specifically, it could be hypothesized 248 that elevated excretion of phytoestrogens and metabolites would reduce circulating levels, thus 249 limiting the potential for these chemicals to cause reproductive harm. This is supported not only 250 by our findings in individual animals, but also by our species-level observations where the more 251 fertile GOHR generally excrete higher levels of phytoestrogens than the less fertile SWR. This 252 does not appear to be case in in sheep and cattle, where concentrations of phytoestrogens and 253 metabolites in excreta (i.e., urine) generally correlate to plasma levels (33-35). However, detailed 254 studies examining the generation and clearance of phytoestrogen metabolites, and their 255 subsequent endocrine disrupting effects on target tissues, are lacking even for relatively well-256 studied species. Addressing such relationships in SWR will be challenging, if not impossible.
Nevertheless, the findings presented here do provide the opportunity to apply potentially 258 innovative approaches, like using non-targeted mass spectrometry to identify novel metabolites, 259 or using fecal EL or EQ concentrations to identify individual SWR with high reproductive 260
potential. 261
Few studies have examined the interaction between mammalian fertility and gut 262 microbiota, and defining this link is difficult. Here, we found the abundance of six OTUs to 263 correlate to fertility measures (Table S6 ). Of the four OTUs that negatively correlate to fertility, 264 three also have significant negative correlations to EL and EQ. However, OTUs positively 265 correlated to fertility did not display significant correlations to any phytoestrogen measured in 266 our study (Table S6) Working with threatened species, such as the two species studied here, presents its own unique 282 set of challenges. Despite these challenges, however, our combining of parallel sequencing, mass 283 spectrometry, and estrogen receptor activation assays, provides insight into the host-microbe 284 relationship with fertility that, to our knowledge, is novel for any vertebrate species. Such an 285 approach is needed to understand and apply novel application of techniques within non-286 traditional systems. Study animals. Female greater one-horned rhinoceros (n = 2) and southern white rhinoceros (n 306 = 6) used in this study were housed at the San Diego Zoo Safari Park, Escondido, CA, USA in 307 two separate 24 ha mixed species exhibits (Table S1) following the MiSeq SOP (42). In brief, contigs were formed from 16S rRNA reads, and poor 341 quality sequences were removed. Sequences were trimmed and filtered based on quality 342 (maxambig = 0, minlength = 250, maxlength = 500). Unique sequences were aligned against the 343 SILVA 16S rRNA gene alignment database (44) and classified with a bootstrap value cutoff of 344 80, and operational taxonomic units (OTUs) found with < 2 sequences in the total dataset were 345 removed. Chimeras (chimera.uchime) and sequences identified as members of Eukaryota, 346
Archaea, Cyanobacteria lineages, and mitochondria were also removed. Sequences were 347 clustered into OTUs at a 97 % similarity cutoff using OptiClust (OTU table, Table S7 ). Negativecontrol yielded 273 sequences, comprised of low-level cross-sample contaminants; therefore, 349
OTUs were not removed from dataset. 350
Sequence coverage was assessed in mothur by rarefaction curves (Fig. S2 ) and Good's 351 coverage (45). Samples were then iteratively subsampled 10 times to 6,825 sequences per 352 sample, and OTU abundances were calculated as whole number means across iterations. 353
Additionally, richness and diversity were calculated for each sample. All other calculations were 354 carried out in R using both vegan and phyloseq packages (46,47). The similarity indices Bray-355 Curtis (48), Jaccard (49), and weighted UniFrac (50) were used to assess differences in bacterial 356 community, and these differences were visualized by nonmetric multidimensional scaling plots 357 (nMDS, iters=10,000) (51). Permutational analysis of multivariate dispersions (PERMDISP2) 358 was used to test for heterogeneity of community structure and composition between rhino 359 species, and with unequal variances observed, data were down-sampled to create even sample 360 sizes using the caret package (52) prior to permutational analysis of variance (PERMANOVA, 361
vegan::adonis, SWR, n = 16; GOHR, n = 16) to determine species differences. Similarity 362 percentages (SIMPER, vegan) analyses then determined the contributions from each taxonomic 363 group to PERMANOVA reported differences. Species-related differences in individual OTUs 364 were examined by Welch's t-test (two-sided, SWR, n = 16; GOHR, n = 16). All data are 365 expressed as the mean ± SE and considered significant if P < 0.05 unless otherwise stated. 366 367 Phytoestrogen extraction and quantification. Samples collected were batched into groups of 368 ten and accompanied by quality control samples. Phytoestrogens were extracted from fecal 369 samples by a two-phase extraction as described previously by Palme et al. (2013) with few 370 modifications. In the first phase, fecal samples were diluted ten-fold using 80 % methanol inwater (Fisher Scientific), homogenized for 20 min using a Geno/Grinder ® at 1,000 rpm, 372 centrifuged for 10 min at 4,000 x g, and the supernatant was recovered. In the second-phase, 1.0 373 mL of methanol extract was added to 4.0 mL diethyl ether (Fisher Scientific), 0.5 mL of 5.0% 374 NaH2CO3 (Sigma), and 4.0 mL of water (54) and C) Profile C. The mean ± SE activation of ER! and ER" of both southern white rhinoceros 513 (SWR) and greater one-horned rhinoceros (GOHR), relative to maximal activation by 17"-E2 by 514 respective phytoestrogen profiles D) Profile A, E) Profile B, and F) Profile C, when tested at 515 concentrations found in vivo. Differences in mean ± SE fertility measurements with respect to 516 phytoestrogen profiles, G) Profile A, H) Profile B, and I) Profile C, *Significantly different 517 activation (ANOVA, P < 0.05). DZ: daidzein, EQ: equol, PEP: 4'ethylphenol, ED: enterodiol, 518 EL: enterolactone, MOC: methoxycoumestrol, CO: coumestrol. 519 520
